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Abstract Coronary artery calcium (CAC) scoring with
computed tomography (CT) is an established tool for
quantifying calcified atherosclerotic plaque burden.
Despite the widespread use of novel image reconstruction
techniques in CT, the effect of iterative model recon-
struction on CAC score remains unclear. We sought to
assess the impact of iterative model based reconstruction
(IMR) on coronary artery calcium quantification as com-
pared to the standard filtered back projection (FBP) algo-
rithm and hybrid iterative reconstruction (HIR). In
addition, we aimed to simulate the impact of iterative
reconstruction techniques on calcium scoring based risk
stratification of a larger asymptomatic population. We
studied 63 individuals who underwent CAC scoring. Ima-
ges were reconstructed with FBP, HIR and IMR and CAC
scores were measured. We estimated the cardiovascular
risk reclassification rate of IMR versus HIR and FBP in a
larger asymptomatic population (n = 504). The median
CAC scores were 147.7 (IQR 9.6–582.9), 107.0 (IQR
5.9–526.6) and 115.1 (IQR 9.3–508.3) for FBP, HIR and
IMR, respectively. The HIR and IMR resulted in lower
CAC scores as compared to FBP (both p\ 0.001), how-
ever there was no difference between HIR and IMR
(p = 0.855). The CAC score decreased by 7.2 % in HIR
and 7.3 % in IMR as compared to FBP, resulting in a risk
reclassification rate of 2.4 % for both HIR and IMR. The
utilization of IMR for CAC scoring reduces the measured
calcium quantity. However, the CAC score based risk
stratification demonstrated modest reclassification in IMR
and HIR versus FBP.
Keywords Coronary artery disease  Computed
tomography  Iterative model reconstruction  Coronary
artery calcium scoring  Risk stratification
Introduction
Cardiovascular diseases (CVD) are the leading cause of
morbidity and mortality in the developed world [1–3].
CVD is responsible for over 4 million deaths in Europe,
which accounts for 47 % of all deaths [4]. Calcification of
the coronary arteries is a well-known marker of coronary
atherosclerosis and an important predictor of cardiovascu-
lar morbidity and mortality [5, 6]. Coronary artery calcium
(CAC) scoring as measured with cardiac computed
tomography (CT) is a powerful and reliable technique to
assess the coronary atherosclerotic calcified plaque burden
and to provide risk prediction for future cardiovascular
events [7]. Furthermore, with the administration of iodi-
nated contrast agent (coronary CT angiography) robust
qualitative and quantitative characterization of non-calci-
fied and calcified coronary plaques is feasible [8]. During
the past few years various iterative image reconstruction
techniques have been introduced by all vendors in order to
reduce radiation exposure of cardiac CT while maintaining
or even improving signal to noise ratio. The impact of
iterative reconstruction techniques on image quality and its
potential to reduce radiation exposure of patients has been
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investigated in several recent studies [9–11]. Model based
type of image reconstructions represents the latest
advancement among image reconstruction techniques that
showed improved image quality, while reducing radiation
dose and image noise for coronary CT angiography [12–
14].
Despite the widespread use of novel reconstruction
techniques the model based iterative reconstruction tech-
niques have not yet been validated for coronary calcifica-
tion measurements in clinical setting. We sought to assess
the impact of iterative model reconstruction (IMR) on
coronary artery calcium quantification as compared to the
standard filtered back projection (FBP) algorithm and
hybrid iterative reconstruction (HIR). In addition, we
aimed to simulate the impact of iterative reconstructions on
CAC score based risk stratification of an asymptomatic
patient population.
Methods and patients
The institutional ethics board has approved the study.
Participants provided written informed consent.
Patient population
We performed CAC scoring in two distinct patient cohorts.
First we assessed a symptomatic study population of 63
patients referred to clinically indicated cardiac CT exami-
nation due to suspected coronary artery disease. On the
basis of CAC score differences observed in the study
population we simulated the effect of iterative recon-
structions on the risk stratification in an asymptomatic test
population of 504 individuals. Patients of the test popula-
tion were derived from a National Health Examination
survey, which is a population-based cardiovascular
screening program [15]. The population of a suburban town
with 8000 adult inhabitants (age C 20 years) were invited
to this voluntary screening campaign between 2012 and
2014. The protocol included a comprehensive health
interview survey, and health examination survey with
cardiac ultrasound, carotid intima-media-thickness, ECG
and CAC scoring. Patients with known coronary artery
disease and patients with irregular heart rate were excluded
from this study. Baseline characteristics of the two patient
cohorts are summarized in Table 1.
Image acquisition and reconstruction
All patients were investigated with a 256-slice CT-scanner
(Brilliance iCT, Philips Healthcare, Best, The Nether-
lands). Oral beta-blockers were administered, if the heart
rate was above 65 bpm. Non-contrast ECG-gated scans
were acquired with prospective triggering at 78 % of the
RR-interval for CAC scanning using the following acqui-
sition parameters: 128 mm 9 0.625 mm collimation,
270 ms tube rotation time, 120 kV tube voltage, 30 mAs
tube current. Axial images were reconstructed at 3 mm
slice thickness using standard FBP, HIR (iDose4, Philips
Healthcare, Cleveland, OH, USA) and IMR (Philips
Healthcare, Cleveland, OH, USA). The vendor provides
1–7 levels for HIR and 1–3 levels for IMR noise reduction,
we applied a medium level for both HIR (Level 4) and IMR
(Level 2) technique. All images were reconstructed on a
single workstation (Extended Brilliance Workspace, Phi-
lips Healthcare, Best, The Netherlands), resulting in 3
datasets for each patient. Dose length product (DLP) of
every examination was registered. To estimate effective
radiation dose, the DLP was converted into millisieverts by
multiplying it by a body region-specific scaling factor (k-
factor = 0.014) [16].
Image noise was measured as the standard deviation of
the CT attenuation values in a region of interest (ROI)
placed in the aortic root. Identical 2 cm2 large ROIs were
situated in the level of the left main coronary artery.
Ca score measurements
We performed CAC scoring on the axial images using a
commercially available software application (Heartbeat-
CS, Philips Healthcare, Best, The Netherlands) according
the Agatston-method [17]. The software identified the
coronary artery plaques with an area of C1 mm2 and a
density of greater than 130 Hounsfield Units (HU), sub-
sequently coronary plaques were selected manually by the
first observer (with 5 years of experience in cardiac CT)
which allowed the semiautomatic software to calculate
CAC scores. In addition, CAC volume and area values
were registered. All three reconstructions (FBP 3 mm, HIR
3 mm, IMR 3 mm) for all patients were assessed in a
random order. In addition datasets of 20 randomly selected
patients were assessed two times by a second observer
(with 6 years of experience in cardiac CT) for calculating
inter- and intra-observer variability. Patients were classi-
fied into the following risk categories based on the CAC
score values: 0 normal/no risk, 1–10 low, 11–99 low-in-
termediate, 100–399 intermediate, 400\ high risk [18].
Simulation of risk reclassification
In order to assess the effect of the different reconstruction
techniques on risk stratification we implemented the
reclassification rates derived from the study population to
the larger test population. First, we calculated the differ-
ences in total CAC score values between the different
reconstruction methods. Second, relative differences were
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calculated by dividing the average difference of two
reconstructions by the average of the minuend’s total CAC
score. Using the relative differences calculated on the study
population, we multiplied the total CAC of the original
3 mm FBP scores by the relative differences to get simu-
lated HIR and IMR results on a patient basis. With using
the simulated HIR and IMR calcium score values we
determined how many patients shifted from one risk group
to another. Reclassification ratio was calculated by dividing
the number of people who shifted from a given risk group
by the total test population.
Statistical analysis
Continuous variables were expressed as mean ± standard
deviation (SD) or as medians with interquartile range as
appropriate depending on the distribution of the values,
whereas categorical variables were expressed as percent-
age. The Kolmogorov–Smirnov test was applied to evalu-
ate the normality. The inter- and intra-reader agreement
between calcium measurements was calculated using Lin’s
concordance correlation coefficient. The following
descriptive scale was used for values of the concordance
correlation coefficient: \0.90 Poor, 0.90–0.95 Moderate,
0.95–0.99 Substantial,[0.99 Almost perfect.
Our data was not normally distributed and therefore
CAC score, area and volume values of FBP, HIR, and IMR
images were compared by using the Friedman test using
Bonferroni–Dunn test for post hoc multiple comparisons.
Differences between the cohorts were evaluated with
Mann–Whitney test for continuous parameters and Chi-
square test for categorical parameters. Differences in risk
stratification were also assessed using Chi-square test with
Bonferroni correction. A p value of 0.05 was considered
significant. Statistical analysis was performed using SPSS
software (SPSS version 20.0; SPSS, Chicago, Ill).
Results
The median values of CAC scores were 147.7 (IQR
9.6–582.9), 107.0 (IQR 5.9–526.6) and 115.1 (IQR
9.3–508.3) for FBP, HIR and IMR, respectively. The mini-
mum CAC score value was 0, whereas the maximum total
CAC value was 2347 on FBP. The relative differences
compared to FBPwere-7.2 % forHIR and-7.3 % for IMR.
Post-hoc analysis showed a significant difference in calcium
scores between images reconstructed with HIR and IMR as
compared to FBP (p\ 0.001). However calcium scores of
images reconstructed with HIR and IMR did not differ
(p = 0.855). Image noise decreased significantly with the use
of iterative reconstruction: 40.1 ± 12.9 with FBP,
26.5 ± 7.2 withHIR and 13.7 ± 3.4 with IMR (p\ 0.0001).
Calcium area values were 86.4, 74.6 and 67.0 mm2, while
calcium volume valueswere 129.9, 112.2 and 100.8mm3 for
FBP, HIR and IMR, respectively. Both area and volume
values were significantly lower with HIR and IMR as com-
pared to FBP (p\ 0.0001), however there was no significant
difference between HIR and IMR reconstructions (p = 1.0).
As compared to FBP, the utilization of HIR and iterative
model reconstruction resulted in amodest reclassification rate
among the low and intermediate groups of the study popu-
lation; 6 of 63 patients were reclassified using HIR algorithm
as compared to FBP: 2 high-risk patients were moved to the
intermediate group, while two patients with intermediate risk
to the low-intermediate group and two patients with low-
intermediate risk to low the risk group (Fig. 1). The use of
IMR also lead to reclassification of six patients as compared
Table 1 Patient characteristics
Patient data Study population Test population p value
(N = 63) (N = 504)
Age (years) 60.1 ± 11.0 64.6 ± 10.3 0.002
BMI (kg/m2) 28.3 ± 4.5 28.7 ± 5.0 0.970
Male gender, n (%) 37 (58.7) 211 (41.9) 0.011
Cardiovascular risk factors, n (%)
Hypertension 45 (71.4) 295 (58.5) 0.009
Diabetes mellitus 12 (19.0) 82 (16.3) 0.334
Dyslipidemia 34 (54.0) 236 (46.9) 0.157
Smoking 28 (44.4) 197 (39.0) 0.212
PAD 6 (9.5) 36 (7.2) 0.319
Radiation dose
DLP (mGy 9 cm) 31.8 ± 6.4 93.0 ± 28.2 \0.001
Effective dose (mSv) 0.45 ± 0.2 1.2 ± 0.5 \0.001
BMI body mass index, PAD peripheral arterial disease, DLP dose length product
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to FBP: 2 high-risk patients were moved to the intermediate
group, whereas 3 intermediate risk patients weremoved to the
low-intermediate and 1 patient with low-intermediate risk
was moved to the low-risk group. There was no significant
difference between the three reconstruction techniques in risk
categories (p = 0.998).
The inter-observer reproducibility of calcium scoring
was substantial in images reconstructed with FBP (con-
cordance correlation coefficient 0.973–0.986) and almost
perfect reproducibility was found using iterative recon-
struction techniques (HIR and IMR 0.990–0.997). Intra-
observer correlation values were assessed in 20 patients
with almost perfect concordance correlation coefficient
values in all reconstructions (0.996–1).
Risk reclassification in the test patient cohort
The median CAC scores of the test population with FBP
was 22.3 (IQR 0–199.2) (range of 0–4549.2). The relative
differences found in the study population were used to
simulate the effect of HIR and IMR in the larger test
patient cohort. Based on our simulation the extrapolation of
relative differences obtained by iterative algorithms yiel-
ded 2.4 % (12 patients) change in risk stratification in 504
individuals. Reclassification rate did not differ significantly
among the 3 reconstructions (p = 0.998). All 12 patients
were moved to lower risk groups based on their CAC
values: 6 high-risk individuals were reclassified into
intermediate group, and five patients were moved from the
intermediate to low-intermediate category. Figure 2 shows
the comparison of total number of patients in each group.
Discussion
While there is growing evidence that CAC score is an
independent risk factor of CVD, the impact of novel iter-
ative techniques on CAC score values and risk stratification
remains unclear. We have demonstrated that both iterative
reconstruction algorithms (IMR and HIR) decrease the
measured coronary artery calcium quantity in comparison
to the most widely used FBP algorithm. Furthermore, we
showed that inter-reader reproducibility is better with IMR
and HIR as compared to FBP algorithm. Finally, we have
demonstrated that iterative reconstruction techniques have
a modest effect on cardiovascular risk stratification.
Fig. 1 Coronary artery calcium score based risk categories of the
study population. Minor changes were seen due to the utilization of
HIR and IMR compared to FBP. 6 patients were reclassified using
HIR algorithm compared to FBP: 2 high risk patients moved to
intermediate group, 2 intermediate patients to low-intermediate and 2
patients with low-intermediate risk to low risk groups. Use of IMR
also lead to different risk CAC based risk categories in 6 patients in
comparison to FBP: 2 high risk patients moved to intermediate group,
3 intermediate risk patients to low-intermediate and 1 patients with
low-intermediate risk to low risk group
Fig. 2 Risk categories of the asymptomatic test population based on
the CAC scores and the impact of HR and IMR. Based on our
simulation, IR yielded a moderate reclassification rate of 2.4 % of 504
asymptomatic patients of a cardiovascular screening program. There
was no difference in risk reclassification between HIR and IMR
compared to FBP: with both IR technique 6 high risk patients were
reclassified to the intermediate group, 5 patients with intermediate
risk to low-intermediate, while 1 patient from low-intermediate to low
risk category. There were no significant differences between the 3
groups. CACS = Coronary artery calcium score; FBP = Filtered
back projection; HIR = Hybrid iterative reconstruction; IMR = Iter-
ative model reconstruction
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The measured CAC score was significantly lower by
using iterative reconstruction techniques. The median val-
ues of CAC scores were 147.7, 107.0 and 115.1 for FBP,
HIR and IMR, respectively. The largest difference was
found between FBP and IMR with relative difference of
7.3 %, while no significant difference was found using HIR
or IMR based on post hoc analysis. Previous studies
showed significant reduction in image noise by using IMR
with simultaneous dose reduction. In our study population
HIR and IMR reduced noise by 33.9 and 65.8 % as com-
pared to FBP, respectively. The improvement in image
quality owing to the reduction in image noise contributes to
lower CAC score values in general, however in some cases
abundant image noise hinders the reliable CAC quantifi-
cation. HIR and IMR resulted in reduced CAC values in
comparison to FBP, but no difference was observed
between HIR and IMR. The differences in calcium scores
using HIR or IMR versus FBP might be due to the reduced
noise and decreased blooming artefacts achieved by HIR
and IMR techniques (Fig. 3). However, phantom studies
are needed for precise calcium volume quantification to
validate the differences in CAC scoring between recon-
struction algorithms.
Several studies demonstrated the value of coronary
calcium quantification in cardiovascular risk prediction
[19–22]. In addition, CAC scoring provides incremental
value in risk prediction of asymptomatic patients over to
the conventional risk scores [23–25]. Yet, these studies
were based on CT images with FBP reconstruction, and
current studies using novel reconstruction methods may
underestimate cardiovascular risk estimation and have to
be interpreted with caution. To the best of our knowledge,
there have been no data available regarding the effect of
model based iterative reconstruction on CAC score based
cardiovascular risk restratification. Notably, previously
published data regarding the effect of hybrid iterative
reconstruction techniques on CAC scoring and noise esti-
mations are in line with our findings [26–29]. In our study
we used the data of a cardiovascular screening program to
estimate the risk reclassification rate due to iterative
reconstruction methods in intermediate risk patients, and
found that 2.4 % of individuals were reclassified using
IMR. Although the study population had higher reclassifi-
cation rate as compared to the test population, this can be
explained by the higher CAC values of the symptomatic
patient cohort. We found that IMR reduces the CAC val-
ues, however it has a moderate effect on the actual risk
classification. Larger prospective studies are needed to
confirm our findings regarding the risk reclassification rates
of asymptomatic population. Interestingly, Willemink et al.
[30] found substantially different CAC scores with using
the state-of the-art CT scanners from four major vendors in
an ex vivo study. The study simulated the reclassification
rate on 432 participants at intermediate risk from the
Rotterdam Study, and these differences resulted in risk
reclassification of individuals in up to 6.5 % of cases,
showing that CAC scores depends not only on patient
characteristics and image reconstruction techniques but
also on different scanner types.
The investigators of four recently published studies
assessed the safety and feasibility of iterative reconstruc-
tion in CAC measurements. Kurata et al. [26] reported that
with sinogram-affirmed iterative reconstruction algorithm
calcium was no longer detected in some cases. The dis-
appearance of CAC values using iterative reconstruction as
compared to FBP raised concerns that hybrid-type iterative
reconstruction can eventually alter CAC based risk esti-
mation. Under the disappearance of calcified plaque the
authors meant, that using FBP the patient had minimal
calcification, whereas using iterative technique calcifica-
tion turned not assessable in the same patient. Van Osch
et al. [27] found that hybrid iterative reconstruction
Fig. 3 A representative case reconstructed with FBP, HIR and IMR.
Axial cardiac CT images with 3 different reconstruction techniques
(FBP, HIR, IMR) at the level of the middle segment of the left
anterior descending (LAD) artery. In this case calcified plaques are
visible in the proximal and middle LAD segments (arrows). Calcified
plaques are identified by dedicated semiautomatic software, however
excessive noise seen on FBP image hinders CAC measurements.
Total CAC scores were: 2377.6 (FPB), 2202.6 (HIR) and 2137.3
(IMR)
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increased the number of patients with a calcium score of
zero by 13 %. This study demonstrated a significant
decrease in CAC score using HIR as compared to FBP, and
found that 29 % of the study population were moved to a
lower risk category using HIR. These results are in line
with our findings, however the reclassification rate was
lower in our study. Importantly, we did not experience the
disappearance of calcium in the coronaries; the number of
patients with zero CAC scores was not increased with the
utilization of IMR. Gebhard et al. [28] also evaluated the
influence of hybrid-type iterative reconstruction of calcium
scoring in 50 consecutive patients. In their study ASIR (GE
Medical Systems) yielded significantly lower Agatston
scores as compared to FBP, and described an 18 % shift of
patients to lower risk categories. Contrary to these previous
observations in our study IMR and HIR caused substan-
tially lower reclassification rates as compared to FBP CAC
scores. Our results, and previous observations of other
working groups highlight that substantial differences might
exist between different reconstruction techniques provided
by different vendors. Therefore, interplatform standard-
ization is needed and reconstruction based adjustment of
CAC values may be necessary. Recently, Tatsugami et al.
[31] assessed the impact of latest generation HIR on radi-
ation dose in CAC scoring and demonstrated that sub-
stantial radiation dose reduction can be achieved without
altering CAC measurements. Calcium scoring based
atherosclerosis screening is widely utilized among
asymptomatic individuals with intermediate cardiovascular
risk, therefore we should consider to utilize the latest
reconstruction techniques in order to lower radiation dose,
however we should also keep in mind the potential influ-
ence of various reconstruction techniques on calcium
quantification [32]. This might be especially important in
patient groups with higher CAC values (such as diabetes
mellitus, hypertension or peripheral arterial disease) [33,
34].
High reproducibility of CAC scoring measurements is of
utmost importance for cardiovascular screening and ther-
apy monitoring. Reproducibility in CAC measurements
was almost perfect using IMR and HIR. The lower inter-
and intra-observer variability of IMR as compared to FBP
shows its power and efficacy to identify coronary calcium
without falsely delineating other areas with increased noise
as calcification. Moreover the low variability of the mea-
surements underlines the importance of IMR and HIR in
CAC score based follow-up of patients.
The impact of iterative reconstruction was assessed
analysing a relatively small cohort of 63 consecutive
patients. However, this is a feasibility study, using a pro-
totype IMR reconstructor. Further investigation with larger
patient number and different risk characteristics is needed
for the comprehensive analysis of CAC based risk
reclassification. The higher radiation dose in the test pop-
ulation was the result of the higher tube current setting used
in the test versus the study population (80 versus 30 mAs).
The calcium scoring scans in the test population were
acquired in the framework of an epidemiologic investiga-
tion with predefined scan parameters, whereas the study
population scans were acquired as part of the routine
clinical practice. Another limitation of the study was, that
we only measured CAC values using medium noise
reduction levels of iterative reconstructions. Different
levels of iterative reconstructions may have altered our
findings.
In summary, the utilization of novel iterative recon-
struction techniques reduces the coronary calcification
scores and image noise as compared to the traditional FBP.
Thus with the growing utilization of iterative reconstruc-
tion techniques the results of CAC scoring should be
interpreted with caution in cardiovascular risk assessment.
However, our simulation of calcium based risk estimation
demonstrated only a modest reclassification rate in
asymptomatic patients. Importantly, in our data the use of
HIR and IMR did not increase the number of patients with
zero CAC scores compared to traditional FBP. Further-
more, HIR and IMR result in reproducible and reliable
CAC quantification. Further studies are warranted to
evaluate the effect of IMR in larger patient population with
different risk profiles.
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